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The role of oxysterols in the regulation of cholesterol biosynthesis 



GEOFFREY F. GIBBONS 

Medicaf Rexearuh Council Lipid hfetaboiistn Unit, 

Hammcrsfnifh Hospiiai, London WS2 VHS, 

Most mammalian cdls arc aWc to aaiijiy ihelr requirements for 
chnlexUnri)! Iroirt eiUier esctemal (lipoprotein) or inLemal (bio- 
synihclic) soorces. Although the rste of oellmar cht>;eslfirol 
biosynthesis appecrs to bear an invCTac n:l»LLt>j3&hip to tJiC 
avaiiaMHty of external Kpc^njtwn c}iole5iierol, the exact nature 
of the rcjjulalcry fnolccot:(s) icmaiiis ic Ifc unequivocally 
c&UblisHcd. Several oxygraatdd deriv ativcs of c hokstjci ol 
foTiysterols) are powerful irkhibitors of cholcstcro* bicRynthcsis, 
an effect which appt^ars to be due pnmanty. biiL not exclusiycly, 
to A decrease in the activity of HMG-CoA* reductase. One of 
the ainis of the prcsertt pnper is to examine the relAtionahip 
between oxystsrol sUucture and mhibitory potency. Various 
hypotheses hc.ve been proposed to explain the means by whicfc 
these. compounds exert their cBbccs at tlie rnwIcctJar Isve; and 
these win aisc be di5CU8«red- Howvcrs xhm niajii objective of this 
p&per is t© rcviei^v the o.'klcncc for tlic natural mvoNerment of a 
compoinent of this tyiw m the nr/rmal regulatory seQQCRCC of 
events cubninating in thi: suppress tou of ceUnlar eholestecol 
biosyntlicsiti. 

Relationship berwf.en oxysitirtU siructure and inhibitory activity 
Purified, non-Iipoprotein cholesterol is a very poor inhfoitor of 
cholesterol synthesis and of HMC-CoA rechxcrnNc wb«ii added 
to the culture asjcdiom of several different types of cdGl in vitro 
(BeU €t oL 1976; Kandtitsch c« a/., 1978; Kficger ei al„ Ji97«; 
Peng ffiU 1979; Drevon ei ai\, 1980). It is probable that the 
inhkbkttry efTects of cholescerol described in prevtoiwi n--pcrla 
Kothblal & Buchko, 1971) resulted frorr steroidal 
contfinr^noats of choleifterot rather than from choleistercl itseKf 
(Kandut«ch et at, i978> These Inhibitors have been identified 
a& oayf^natcd diolcstcrol derivatives such as T-^jrocholcstcrol, 
7ot- and 7^4iydroxycholcsterol and 25-hydrorycho1eKleToU ail 
of whic^ arise sponlancoasly from cholesterol by air oxidnlion. 
The ready susceptibility of chote»U:rul lu such Iree-radtcal- 
kiduced air oxtdadon is sndh that it ts difncdt, during longer 
incDdKktion periodic, to coin|^ctcly exclude their non efni:>^ic 
fonnaDon-evcu from highly purified cholesterol add£d inittally. 

* Abfanrviauunu: HMO-CcA, ?-hydioxy-3-aietbyIg3ut3Tyl-CoA; 
LDL« low-density lipofirDlcxtL 



Table I. KffhtHiveness <^ oxysierol types in the inixibition of 
HMG-CoA reductase in L-celLt {all sterols contain ai% oxygen 
fimciitm ai C-S) 
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The iMOlogtcal activity of thewe oxysterols stimulated a search 
for more effective deriv^rivcR and u^-dale well over one bondrcd 
oxysterols have bcc» synthesized and tested for btological 
activit>s mninly hi the laboratories of Kandimt'h and Schroep- 
fcr. In >^eTumLl, purified luonohydroxy- and mono-oxo-deri- 
yatives of Sa-cholestane and 5o ianostanc him iclullvcly 
tnelTective in decreasing HMG-CoA njduaitsR acilvity (Kan- 
dutsch 4k Chen^ 1973, 1974). However, intiiHiuclk^n of a second 
oxygen fuucdcn into the mokcnk in addition to that at C-3 
nsnalty gives riRe u> a lar&c Increase io inhibitory activity. The 
position of the second oxygen function is cf aomc imp<irtancc in 
determining the inhibitory power i>f the d«r!vaU\'e and Table 1 
shows the activities of n»ysiterols: cla^lfitsd according to 
substituent ptwliion. AUhou&h each sterol type shows a rathw 
wide range of aclivily, seitection of the most potent sterol in each 
group shows that, in general, the greater the moVculRr di.srance 
hctv««i C-3 and the second oxygen group, the greater llic 
intiibitory acUvity. An intact (i-e^ an isu-oclvT) tfide-cluiiii l& also 
required for full Hctivity, a grrsiUia; decrease in the length of the 
(ide-chais resulting in u ^^rudual djoiinudoi) in bioloi^ical 
effcctiwnctts (KandwLscb & Cheti, 1974). Within some groups 
of steroids there appears to be an inverse relationshiia between 
iiiKibitory cffecliv-eness and the extent to which the oxygen 
functiiin is stericaEty tiinderc^i (Uibbon», I9S3). Foff example, as 
the IS hydroa^y group becomes increai^rgly shiicklcd by the 
presence ot' more bulky subfftitue»t» at C- 14, so the potency of 
tbe resultant steroid decrcixes (Schrocpfer et al.^ 1979). In 
addition, incroducliun of tixial hydroxy groups at the 3a-, 
7u- ur 1S/^povitiun& produces steroids which arc ics& inhibitory 
than those in ivhidi each hydroxy group is in ibc cor- 
responding, less hindered ec^atorial cocfoxmation- Oxygen 
ftiDCtioas m the conformjitLonally flexible poaitions such as those 
in Kkig D and in the !mle-chain also appear to produce morR 
inbibiU>ry sisrcids and Et has previously been suggested thnt die 
Hologica! puUmcy Of StCfold t«anJOnc5 1? UexMffmiu-nl upon 
confer mationally flexible functional groups which permit effec- 
live hydroigen bonding or hydrqphiHc intcractiona witii receptor 
molecules (Komcrs et at, 1974; Duax ei iuL, 1 980>. 

Mtdecidar mechanism of oxysterof action 

The sequence of cvcntu initiated by the entry of an o^y^crot 
into (or foraintion within) tbe cell and culznintalng, amongst 
olhcr cfTects, in the suppressioii of H\fG-Cf>A reductase, is 
largely unknown* However, tlicrc is evidence Oiat, as for so^ie 
steroid tionnoncs» there i»- a speciAc c^'tosoUc receptor prultan 
for oxysro-ols iXandutacb & Showi, 1981). In EencraJ. the 
affinity with wbich this protein binds a particular oxystefol is 
direoUy related to the effcctivcnes* of The steroid in Inhibiting 
HMG-CoA reductase. 

Much of the effort hi this fieki has been contined to atteoipts 
to determine whether oxysterols decrease HMO-Co A »ducta$e 
activity by decreasing the xtcady-state cotnccntration of the 
tnzymt (quantitative cfrccis) or by decreasing the efficiency of 
pne-enisting enxyme (<iualltati\'e effects). 'JWe is currently no 
general agreKnioai us lo which ofdiese mechanlsnia Is correct. 
Howcvect any proposal involving modification of pre existing 
enz>*me would have to explain why the oxysierol-mcdiatod 
sttppression of enzyme activity rtHL|uires not only the intact; 
integrated cell stmUurt (Kandutsch & Chen, 1975; Eridtson et 
aL, 1978; Cavcnee es ai,^ 19^1) but also crnitinuiaii protein 
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Fig. L Ideniival effects of LOL end 25 hydroxychnle&ierol {2S OHC) on cholimtrrof 

metabolism 

Abbreviation used: ACA T, acyl-CcA ichoicfiterol acyitransfcrasft. 



s>'fitKesis (Chang el uU 1981)* Tncrc is h subslanliiil bcaly of 
evidence (sec below) wiiich suggests that the characteristics of 
Mupptifssion of cholesterol synthcists by LDJL are identical ^itb 
those of inhibition by oxyytcrols (e.g. 23 hydroxycholestcrol). In 
view of this, wmcc LDI^ appears lo suppress HMC-CtiA 
/cctuctaw; activity in. a compactin-rfxistsnt slrain of Chintrsfe 
hajnatcr-ovary cells by prevejiting the syntheiis of reJuc- 
tiwc-mRNA iChin et at., 1985), it is rcRsonablu Ui believe that 
ZS-hydroxycholesterol, which 4il:«» supivesses HMG-CcA 
reductase acdviiy in ihu^w: ceils, does no by an identical 
uiechajnism. If this is the case, then the primary effect of ihc 
oxystCToViiuluix:d inhibition of reductase activity results from a 
decrvu^ rale of synthesis of* enzyme protein. In cdditLon, 
somos^hat circitmsioniial evidence for (hi* view denvcx from the 
apparent similarity bccwccn the mixks of action cf the 
^ucix:oriicoid&, wliich ace Vnown to inhiHL enzyme synthesis by 
suppression of the relevant mBNA, and the oxystcrol$. insofar 
as tlie activity of both classes appears to be mediated by bir^dinn 
to receptor proteins f Kandutsch & Thompson* 1980). 

4ixysierois naixirai rcgulotont of choiest^ro! biovyntkesis? 
IC » well known that an increase in tDe SUppty of celljlar 
cho!«;ttyi)l derived ciiherfrom external lipopTi>icin {c^ LDL) or 
frvm in«valanic add, which is readily cnnvurlctl, cnx>mically» 
into cholesteroL is associated with u decreased actrvtiy of 
HMO C'oA reductase. Ilovvcvur, Uicrc is no convindng evi 
dence that, in cither c«se, uiiolesterol itself is the inhibitory 
molecult: in ihc intact celt. In fact, as mentioned gbove, pure, 
non-lipopuHfiin cholesterol, ualilcc^ LDt^ has, over the shorter 
term, relatively little effect on rsducta«!C activity in several types 
of cultured cell in rv/m. ThtK, of coin-Ks, may result Crom a 
different subceihilar locah'zution tff clitjlesterol delivered to the 
cell by different means. However, it is iiotCT^ortby that althou^ 
the effects of lipoproijcijis cannot be reproduced by chijlestcrol, 
the chara;;ti:ri»lics of the npoi>roteii3i(Lt^L>mcdiatcd op- 
pression of chulestcrol s>'nthe?iis arc identic^il with those of 
suppression by oxysterols, particularly ^^S-hydrnx^'chuksieroI. 
Thus, aport from reductase* which appc^arh to be tlic most 
senshive. L1>L added lo intact cclJs KH[^r«s»eft a wide rauge of 
enzymes involved in chokrslcrol synthesis (Fig. 1) (Chang & 
Uuianek:, 1980; OihbonK. 19S3), In addition, LX)1^ swppruK.tCh 
LDL-receptor activity and stimuJatcs acyl-CoA : clwlestcrol 
acyltranfifcrasc. 25 Hydroxycholcbtcnil faithfulh' mimicsi LDL 



in Tcpnxlucing coch and every one of these efifects in various: 
cd1«. Thus ihc fingerprint pauern of inhibition of clujleiiterul sy n 
thesis by LUL is m<itchcd exactly by that of f>x>'sisroIs. Fu/liicr 
evidence that the effeds ofiSTdcrnal lipoproteins are mediated by 
an oxygenated sierol dcrivativi; ha:; been obtained by the specific 
selection of ccSIn wbich arc reststant to the suppression of 
IlMC-CoA reduuiasc by oxj-slQ-ols (Chen ct aL, 1979; 
Sinenslty af^ 1979; Chang & Ltmanck, 1980). All of thwieccll 
lines arc concomitantly resist anr to snpprcjsisiiin by scrum 
lipiHOroleins, strongly SuggcstiiiB that the latijcr either contain art 
inhibitory oxj-stcrol or give rise lo one aflcr nptnke by the cell. 

if an o!ty sterol is indeed n.-spi>nxibk: for mediating the effects 
of LDL on cholesterol iTieUibolisin.. th^ its origin is obscure. 
Onr- posKa>i1ity Is that oxysterols arise trom .spontaneoub, 
awi-cn/ymTC oxidation of LDL-ciioiefitero* or from diclarv 
cliokailcujl <Schroepfer, 1V8I). JJowever, it is not tx^riain 
wliether oxysterols deri\'ed from this sourct: arc priniarily 
responsibJe for ihe bioloctic^l effects observed. Another alter- 
nati\'c is that after cndt>cytosis, LDL gi^'Cs rise to the tonnatiop 
of an (wysierol derivative cither by a controlled, en/ymic oxi- 
dation of lipoprolcui choksierol or by interference vyiih ilic 
pathway of erKJogenous cholcttcTn»1 mctaholian^ in iuch a way 
that a regulatory steroid rtccumulaies (see below). 

As regards the stj^ression of HMG-Co A reductase activity 
during periods of nccdtralcd cholesterol synthesis from exu- 
mw-valonoUctoac {Edwards er oi^ V^ll- Could, 1977^ 
here agjiin there is no unequivocal evidence that biosynthctic 
cfiokslerol is responsible lof the effects obscr^^:€* It inipi>rLaiir 
tc bear in mind that under these cii cmnsLanciai, the rate ot 
production of all post -mcvHlon ale cholesterol precursors is 
probably enhanced. Two such prccurjwrf; ore 5a lanoSt-8- 
ene-3/r.32-diol and 3jff-h3'droxy-5ti-IanO!it-S-cn-32-al (Akbtor c! 
oA, 1 9 78: GibNins al.^ 1979X which arse during the 
Ma-clcmcihylation oflauosteroK Cytochrome /^45i/ is required 
for the initial oxidation rcsulung in 5a-lanost-8-eoc -3y?v32-i!ii)l 
(or the A" derivative) and the inhibition by some oxyste«Os of 
the further meta holism of lanoslerol is most probably due to 
competitive inhibition of cyinchTomu P-450 by iiie oxysterol 
(Gibbons ei uL 1979: Oitii dc Mont^ano €t aL, 1979). Uotb 
the above ox>'s;iefol intermediates uf lano&terol i4a denie;thy- 
lation are effective inhibitors of HMO-Co A reductase in viiro 
(Gibbons ei aL, 1980). Thns caution kHoiiIJ be exercised in 
inferring a direct csinsBl Telntionship between biosynthetic 
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cholesterol production and IlMCr Co A r«ducUtsc activity under 
ix»r3d!iion:f durtng whicb the rate of synthetis of other, iataibitorv, 
natural precur5Kir« of cholcs^c^c^1 also iocreases. in addition to 
cholescercl precursors, rcgul&tory oxyta<^rolt! also arise natur- 
ally as a refill; of cholesicxxii cutubolisrn ii: certain types of celJ. 
ror example. 20a bydroxycholcsterol and Tu-hydroxy- 
cholci?tcrol ariee in certain cJidocrinc organs aixd iu Mm 
rcspocrivcly, during steroid hormone and fcfle acid fcrcnacion 
(KDndutschef 43/., I97f%). 
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KEITH R SUCKUNG 
:: : Deponment qf Biodiemisiry, Umvctsity ofEdinhurgh XfediL-al 
' .behoof, Jiugh Robson ffuitdrng, George Square, Edinburgh 
I ' EH& 9XD\ S^i/layid, U.K. 

; , The formation of choksccryi esters in ceils v-wa5 first described in 
the 1950s (Mukhcrjce ef aL, 1958). However, the potential 
itnporLoncc of thjx prrvcRSK and the cn^yrne catalysing it, 
i ACAT.* was particularly highlighted by tl>e proposal of the 
^ I lou- -density -Upcprotctn-rcccptor hypothesis in 1976 <Brown & 
r . Goldstein, J 976). AC A l* acti\'ity has been found in a wide range 
; . oJ't'.sRucs and ucU lypcs Uw Sp<fctor c( aL (J 979) for a revie^v* of 
: the Htcraiurc up to i979|. Mure recently activity, previously 
thou^l lo be Htistnt, hivi been con vine! njpty <fcjno nitrated in 
; human liver (Erickson & Cooper. l^BO; Bala!iuhTxmaTii;{m tu 
• at^ i-SSlX Substantial ocilvity has also been rtfpurlt:d hi the 
inlesiine (Hrfgenid c/ 198(.; Field €t aU 1982; Fidd &, 
: SaU>mc 1982; Ncrum etid^ 1983: li, K Stajigc> K. U. Suckling 
& J. M. Dictschy, unpuWished work), it had been the general 
: view thai tlic pancrvaiic chuteKCerol ctsterase was responsible for 
cholesLtfryl ester formation in inccBtinal cpitbdium (Galhi & 
IrcadwelL, i 903) but the more recent work makc» it clear that 
the AClTAT activity can accoufU for the en Lire i^o1e!>Ut£ri>l' 
cstcrifyiog activity of these c<^». 

One difficulty in comparing ^^■ork on ACAT from different 
sources is the various methods of assay used (Spector ct ai^ 
: 1979). Much ofllic uarlicr work used an a^say whtcfa wsi\> bailed 
on the incorporaLKMi of labelled exogenous cholesterol into 
cholesteryl esXet^ Becau^ .the micrnsomnl fractions in which 
Ac AT is tbunU conlmn :$ignificant amounts of eiidojicnous 
cholesterol, which is distributed inlo several pools oi unknown 
size and fuiicUon, i| i» ik>1 pwsibic lo determine an absolute rate 

* Abbrcvistioiis: ACAT, acyi CoAicholefitcrol acykxansfcrasc (CC 
2.3.1.26); TIMCMToA reiiucia5X. .l-hycli\iiy-'?-fncthylgiutaryl-C-oA 
rcducl&fie. 
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of cholesteryl ester formation when steroJ is added as a tracer 
Mfib't recent work ha.>; ii^ed a labelled fatty acid (for work in 
intaLt ccif») or, better, labelled fatty acyt-CoA for work on 
ccU-frcc systems. This latter incthud duut allow an cKliTnaLc of 
the rate of cholesteryl ester formation to be mailc in vt'trtf. hut 
because of ditVerences in as.<ULy procedure the L.b!tt)lvte vidue? 
reported by ditVcrcni laboratories arc not always comparable. 
The reported methods vaiy in the fatty ac>'l-CoA used, the 
presence of fat-free bovine scrum albumin and tJic use of 
deterv^euts or addiliiinal iinlubenetl cho'esieroL Dietar>' foctors« 
which may vary from laboruinry to ?«<boratOTy« are also 
important. Thu? published values for ACAT activity in r&t lavcr 
oucrosomaJ rracdons rottge rrmn 20 li> 40npmol/niin per mg <if 
protein, llicrc can also be a large variation between groups oi' 
similar iinimaU kept in idenlical conditions (tinciu^on e/ a/„ 
1980). Tt is tbcrdbrc essential to relate c!iq>eriiaeatal vahics to 
the appropriale mljemal conlmLs. 

Much atlenliuii Inoi focus t^d on llie regululicsn of ACAT 
activity, since, according to the low-den^ity-Kpoprotehi receptor 
mechanism, ACAT is activated on uptake of low density 
lipoproteins and HMG-CoA reductase is inhibiied. Table I 
summarizes some uf Lhc cvklcnce Tor rcgulaifun of ACAT 
activity from maiitpulations in vivo. )l appeary ih^iL, though 
tinder many circumstances ACAT and HMO CoA reductase 
acd%'itie3 respond inversely to dietary mtmipulations, there arc a 
number of occasions (for example* cholestyramine ad 
ministry Lion and a number of treatments on rat intescinnl cells) 
where this is not the case. It is lilcely thai uptake of exogenous 
cholesterol in»:o g cell by any of the possible mcchanisma is a 
major factor in regulating ACAT activfu- <K. E. Suckling &. 
J- M, Dictscliy, unpublished work), 

Scudies in citro ai&o lead to the view that substrate supply is 
importani in determining t'le meaimred ACAT aodviiy. Ad- 
dition of exogenoa't chole?;teroI to microsomal fractions froir. 
liposome^! or in detergents or organic solvents all lead to 



